Perennial ryegrass (Lolium perenne L.) is one of the most important forage grass species in temperate regions of the world, but it is prone to having poor persistence due to the incidence of abiotic and biotic stresses. This creates a challenge for livestock producers to use their agricultural lands more productively and intensively within sustainable limits. Breeding perennial ryegrass cultivars that are both productive and persistent is a target of forage breeding programs and will allow farmers to select appropriate cultivars to deliver the highest profitability over the lifetime of a sward. Conventional methods for the estimation of pasture persistence depend on manual ground cover estimation or counting the number of surviving plants or tillers in a given area. Those methods are subjective, time-consuming and/or labour intensive. This study aimed to develop a phenomic method to evaluate the persistence of perennial ryegrass cultivars in field plots. Data acquisition was conducted three years after sowing to estimate the persistence of perennial ryegrass using high-resolution aerial-based multispectral and ground-based red, green and blue(RGB) sensors, and subsequent image analysis. There was a strong positive relationship between manual ground cover and sensor-based ground cover estimates (p < 0.001). Although the manual plant count was positively correlated with sensor-based ground cover (p < 0.001) intra-plot plant size variation influenced the strength of this relationship. We conclude that object-based ground cover estimation is most suitable for use in large-scale breeding programs due to its higher accuracy, efficiency and repeatability. With further development, this technique could be used to assess temporal changes of perennial ryegrass persistence in experimental studies and on a farm scale.
Introduction
Perennial ryegrass (Lolium perenne L.) is a major forage grass for livestock in temperate agriculture [1] . Compared to annual pasture species, perennials have an extended production period with a higher year-round ground cover, growing well under a wide range of environmental conditions, and show a greater ability to tolerate grazing pressure [2] . Longevity in perennial pastures reduces the annual cost for pasture renovation, however, many perennial species including perennial ryegrass can have poor persistence due to their low tolerance of biotic and abiotic stresses including water deficiency, high temperature, pests and diseases [3] . Persistence of perennial pasture species is the ability to maintain plant density and dry matter production throughout the life of the sward [4] which has a relationship with seasonal variation in dry matter production and pasture nutritive characteristics (pasture quality). The profitability of pasture-based farm systems is related to the utilization of forage from grazed pasture and the subsequent conversion into animal products [5] . Pasture species with low persistence reduce sward density rapidly over time, creating bare ground which provides space for invasion by opportunistic, but less productive species and weeds. Invasion of weeds and less productive species reduces herbage nutritive characteristics and dry matter production in grazed systems [6] . Therefore, pasture persistence has a positive relationship with farm profitability. Perennial ryegrass has a symbiotic relationship with a fungus (endophyte) that colonizes the base of perennial ryegrass tillers and migrates to the growing point during the reproductive phase [7] . Endophyte produces unique bio-active alkaloids, which may enhance the tolerance of the host plant to various abiotic and biotic stresses [8] . Due to the interaction between perennial ryegrass genotype, endophyte and environment, cultivars exhibit different levels of persistence within a sward. Estimation of pasture persistence may help farmers and pasture breeders select cultivars that are more productive over a more extended period for their farm system.
A major challenge in measuring persistence is that the assessment of pasture survival depends on manual ground cover estimation or counting the number of plants in a given area [9] , making persistence slow and costly to measure. Plant ground cover is defined as the percentage or fractional area of soil covered by plants when viewed from a nadir position [10] . The patterns of ground cover changes are dynamic, they respond to stressors such as prolonged drought, extreme high or low-temperature events and pest attack. Plant ground cover measures indicate the pattern of plant distribution and the quantity of plant survival [11] . The assessment of ground cover is an interest for precision agriculture and which may provide information to understand the relationship of the plant resistance to abiotic and biotic stresses [12] . Visual estimation of plant ground cover is a widely used method because of its simplicity. As the human eye is often combined with subjective perception, there are a number of well-known disadvantages of visual ground cover estimation including time, repeatability, labour and user bias [11] which may limit the data collection to reference area in large scale breeding programs [13] .
Technological developments over the last three decades have seen increased use of sensors for data collection [14] , including plant canopy characteristics [15] . Sensor-based methods remove the inconsistency of conventional methods, offer large-scale data collection and provide a non-invasive, quick method for collecting vegetation cover data [16] . Use of high-resolution airborne images and image analysis software offer low-cost platforms to obtain ground-based information for ground cover estimation. The object-based technique is one of the most successful methods for the extraction of various features from images by removing redundant details found in higher spatial resolution images at the pixel level [17] . In the object-based technique, the image is segmented into small sized groups of pixel units that are neighbouring and are spectrally and spatially similar objects [18] . These homogenous units are known as image objects and are classified according to spectral characters to extract various kinds of canopy information such as size, shape, texture, pattern, shadow, site, and association characteristics [18] .
High-resolution airborne images have been used for ground cover estimation in forests, and grasslands [19, 20] and for plant disease monitoring in a range of crops [21] . They are also used to estimate the impact of natural disasters [22] , forest vegetation classification [23] and to estimate grassland distribution [24] . The current trend in remote sensing studies of grasslands is to use vegetation indexes (VIs) derived from spectra collected by unmanned aerial vehicles (UAV) to determine an empirical relationship with ground truth sampling to measure plant canopy characteristics (leaf area index, ground cover or above ground biomass). The relationships developed between ground truth sampling and remotely sensed data may not be accurate for situations other than those that produced the data. For instance in wheat, the mathematical relationships developed between ground truth observations of plant canopy characteristics, and corresponding values of vegetation indices for five different geographical locations were qualitatively similar but differed in the specific values of the coefficients in the relationships among the sites [25] . In this study, we developed an object-based image analysis script to estimate perennial ryegrass ground cover comparing two different sensor-based approches and ground truth data. The estimation of temporal changes of pasture ground cover could provide canopy characteristics to explain the persistence of perennial pasture cultivars and cultivar ranking based on their persistence and dry matter yield.
Materials and Methods

The Study Site
The study site was located on the Agriculture Victoria research station at Hamilton in south-west Victoria, Australia (Coordinates: -37.819440S, 142.062171E). Hamilton has 660 mm long-term average rainfall with a pronounced maximum in July, August and September and average annual temperature of 27 • C, which facilitates ideal environmental conditions for pasture growth and selection. The field trial was planted on 06 May 2015 and consisted of a completely randomised design comprising 72 plots. The size of a single plot was 1.5 m long and 1.5 m wide and consisted of 100 plants with 15 cm inter-row spacing.
Ground-truth Sampling
Data collection occurred three years after establishment in May 2018. Before the plots were harvested, manual visual ground cover and manual plant count (the number of surviving plants) were recorded in each plot by two experienced pasture breeders and plot level ground cover was scored visually using a standard method which is described in the EverGraze [26] . Following assessment, the plots were mechanically harvested to a height of 5 cm using a 21" self-propelled lawn mower (Model: HRX217K5HYUA; Engine capacity-190 cc; Honda Motor Co., Ltd, Tokyo, Japan) and fresh weight of green plant material from each plot was taken using a Mettler Toledo GmbH compact scale (Model: ICS6x5-1; Mettler-Toledo Ltd., Toledo, OH, USA). A subsample (200-300 g) of fresh grass was separated from each bulk sample with initial fresh weight recorded. The oven-dry weight of subsamples was obtained after subsamples had been dried at 60 • C for 48 hours.
Sensor-Based Data Acquisition and Extraction
The multispectral images were taken two weeks after the final harvest using a 3DR Solo quadcopter (3D Robotics, Berkeley, CA, USA) equipped with a Parrot Sequoia multispectral sensor (Parrot Drones S.A.S, Paris, France). The sensor was integrated to the Global Navigation Satellite System (GNSS) to locate the camera when images were being collected. The Parrot Sequoia has synchronised 1.2 Mpx monochrome sensors with four narrow bands (Green-550 nm wavelength, 40 nm bandwidth; Red-660 nm wavelength, 40 nm bandwidth; Red Edge-735 nm wavelength, 10 nm bandwidth; and Near Infrared-790 nm wavelength, 40 nm bandwidth). The 3DR solo quadcopter is an autonomous flight model and powered by 5200 mAh Li-Po Solo battery which gives a flight time about 10-20 minutes. Tower 4.0.1 Beta (Aero Hawk Technologies, USA; https://aero-hawk.com/) android application was used for designing, saving and loading an autonomous flight path into the quadcopter and used to automate the flight path during data acquisition. Turning points of the flight path were defined outside the area of interest to ensure that the whole experimental site was measured. The image overlap of the flight mission was set to 80% forward and 75% sideways which is recommended for the Parrot Sequoia sensor. The quadcopter was flown at an altitude of 20 m above ground level, with ground speed of the quadcopter set to 3 ms −1 (11 km/h) to enable capture of stable images. AIRINOV calibration targets (Paris, France) were utilised to calibrate the Parrot Sequoia sensor before the flight mission commenced and to convert the digital number to reflectance values in the orthomosaic workflow. The flight mission was operated under sunny conditions to avoid interruption from shadows during data acquisition. After multispectral image acquisition, individual RGB images from each plot were Agronomy 2019, 9, 501 4 of 11 captured in a 12-megapixel Android mobile camera (Model: Samsung SM-G930F; F-stop: f/1.7) 1.5 m above the plot at nadir view.
A Digital Terrain Model (DTM) and orthomosaic image of each multispectral band weregenerated using Pix4D mapper 4.2.16 software (Pix4D SA, Switzerland; https://www.pix4d.com/) and, the average ground sampling distance (GSD) of orthomosaic images was 1.77 cm/0.70 in per pixel. Pix4D is a 3D computer graphics software that uses photogrammetry and computer vision algorithms to generate both RGB and multispectral 3D maps and models. The radiometric calibration of multispectral images was undertaken manually using AIRINOV reference reflectance values. Ground control points (GCPs) were located within the experimental area to obtain the georectification of the orthomosaic to within 2 cm in Pix4D workflow. Apart from NIR, green, red and red edge bands, the normalized difference vegetative index (NDVI) orthomosaic were generated and the default coordinate reference system (CRS) WGS 84 54S was used as an output coordinate system for all DTM and orthomosaic in Pix4D software workflow.
The plot overlay with the same CRS was created importing NDVI orthomosaic into QGIS 2.18.20 software (QGIS Development Team, 2017, Raleigh, NC, USA; https://qgis.org/). Multispectral image analysis was performed utilising eCognition developer 9.3.2 (Trimble Germany GmbH, Munich, Germany; http://www.ecognition.com/) rule sets. An algorithm "multi-threshold segmentation" was used to separate the soil and perennial ryegrass plants and created a new object layer ( Figure 1 ). After image segmentation, the spectral distance between soil and perennial ryegrass was checked using the nearest neighbour analysis in eCogntion 9.3.2. software (Trimble Germany GmbH, Munich, Germany; http://www.ecognition.com/). The ground cover from each plot was extracted through QGIS vector calculator with WGS 84 UTM 54S coordinate reference system (CRS). The average plot level vegetation indices were estimated using the QGIS geospatial open source tool, HTP Geoprocessor 1.1. (GitHub, Inc., San Francisco, CA, USA). 
Prediction Manual Ground Cover
Multispectral sensor-based ground cover showed a positive linear relationship with manual ground cover ( Figure 3 ; R 2 = 0.6379, p < 0.001, standard error 8.783). The relationship between RGB sensor-based ground cover and manual ground cover data also showed a positive linear relationship ( Figure 3 ; R 2 = 0.5570, p < 0.001, standard error 9.7149) but the manual plant count showed a moderate relationship with multispectral sensor-based ground cover ( Figure 3 ; R 2 = 0.3938, p < 0.001, standard error 12.83), and RGB sensor-based ground cover ( Figure 3 ; R 2 = 0.4063, p < 0.001, standard error 12.69). 
Statistical Analysis
Two different sensor-based ground cover estimates (RGB sensor-based ground cover and multispectral sensor-based ground cover), five UAV-based vegetation indices and reflectance of the NIR band were compared with three different ground-based observations (manual ground cover, manual plant count and plot level dry matter) using the Pearson's correlation coefficient (r). The perennial ryegrass ground cover predicted fitting a liner regression model between sensor-based data and ground truth data. Statistical analyses were performed in Minitab 17.2.1 (https://www.minitab.com).
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Results
Validation and Calibration of Sensor-based Ground Cover
The Multispectral image-based ground cover estimates positively correlated with manual ground cover ( Figure 2 ; r = 0.720, p < 0.001) and manual plant count (Figure 2 ; r = 0.637, p < 0.001).The RGB image-based ground cover also showed a significant positive correlation with visual ground cover (r = 0.746, p < 0.001) and manual plant count (r = 0.637, p < 0.001), and RGB sensor-based ground cover showed a positive correlation with plot level plant dry weight (r = 0.513, p < 0.001). Both sensor-based platforms provided accurate estimates of plot-level ground cover, and ground cover extracted from both types of sensors were-significantly correlated with each other ( Table 1 ; p < 0.001). The calculated multispectral sensor-based vegetation indices (VIs) are presented in Table 2 . Vegetation indices showed a moderate positive correlation with sensor-based plant ground cover estimates and ground truth data ( Table 3 ; p < 0.05). .001*** 0.032* 0.032* 0.006** <0.001*** MPC is manual plant count, MGC is manual ground cover, MSGC is multispectral sensor-based ground cover and RGBGC is RGB sensor-based ground cover. In each cell, the top value represents the correlation coefficient and the bottom value is p value. *, p <0.05; **, p <0.01; ***, p <0.001. 
Prediction Manual Ground Cover
Multispectral sensor-based ground cover showed a positive linear relationship with manual ground cover (Figure 3 ; R 2 = 0.6379, p < 0.001, standard error 8.783). The relationship between RGB sensor-based ground cover and manual ground cover data also showed a positive linear relationship (Figure 3 ; R 2 = 0.5570, p < 0.001, standard error 9.7149) but the manual plant count showed a moderate relationship with multispectral sensor-based ground cover (Figure 3 ; R 2 = 0.3938, p < 0.001, standard error 12.83), and RGB sensor-based ground cover (Figure 3 ; R 2 = 0.4063, p < 0.001, standard error 12.69).
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Multispectral sensor-based ground cover showed a positive linear relationship with manual ground cover (Figure 3 ; R 2 = 0.6379, p < 0.001, standard error 8.783). The relationship between RGB sensor-based ground cover and manual ground cover data also showed a positive linear relationship (Figure 3 ; R 2 = 0.5570, p < 0.001, standard error 9.7149) but the manual plant count showed a moderate relationship with multispectral sensor-based ground cover (Figure 3 ; R 2 = 0.3938, p < 0.001, standard error 12.83), and RGB sensor-based ground cover (Figure 3 ; R 2 = 0.4063, p < 0.001, standard error 12.69). 
Discussion
In this paper, we describe a remote sensing methodology to assess perennial ryegrass ground cover which could replace traditional visual estimations of perennial ryegrass persistence in pasture breeding programs. The technique integrates relatively low-cost sensor-based techniques and image processing software. The study indicated estimates of perennial ryegrass persistence could be derived from proximal RGB image and UAV-based multispectral image analysis. Both airborne and ground based RGB sensors are relatively lower cost devices for precision agriculture. In this study the proximal, RGB image-based technique provided a low-cost approach for data acquisition to estimate perennial ryegrass ground cover. However, we consider RGB image-based ground cover estimate not suitable for large scale breeding programs for several reasons. While pre-training and preparation time are relatively low for RGB image acquisition and RGB image analysis is combined with open source software which reduces the cost of digital image analysis, it took considerably time required to identify the precise threshold HSB colour profile of individual RGB images for the pixel-based supervised image analysis, making the RGB imaging technique unsuitable for large scale plant ground cover estimation.. However, this study suggests that the pixel-based supervised classification technique in ImageJ offers accurate plant ground cover estimation to assess perennial ryegrass persistence, particularly where perennial ryegrass ground cover is relatively low [16] . The multispectral sensor-based ground cover estimate based on eCognition software which converts homogenous pixels of digital images into objects that are classified into user-defined classes and this user-defined classification is one of the specific functions of eCognition that most of the currently available remote sensing software does not possess [32] . This is an object-based image classification that provides a closer classification to human visual interpretation [33] . In the object-based image classification, spectral distance between class "soil" and class "perennial ryegrass" was 95% in the nearest neighbour analysis which was strong enough to successfully distinguish between perennial ryegrass ground cover from soil in each plot. An object-based image analysis has been used in previous studies to estimate ground cover and distinguish vegetation types of plots using proximal RGB imaging in different agricultural crops [11] . In this study, we applied an efficient image analysis algorithm to multispectral images to obtain a clear separation of pixels representing soil and green perennial ryegrass plants so UAV-based multispectral images provide a comprehensive and intensive sense of pasture persistence in a relatively short period over large areas which could be used to rank novel perennial ryegrass cultivars in terms of their long-term persistence. Airborne multispectral images have been successfully used for crop ground cover estimation in different field crop species and showed a strong correlation between the ground cover and manual plant count [34] . However, the correlation between the sensor-based ground cover and manual plant count of perennial ryegrass was only moderate, most probably due to plant size variation within plots. Perennial ryegrass is a diploid species (2n) with a two-locus self-incompatibility system [35] , and the outbreeding habit of perennial ryegrass leads to a high degree of genetic variation in natural populations [36] . Due to this genetic variation, the resistance of individual plants to abiotic and biotic stresses in the same population may vary, which creates intra-population plant size variations resulting in different numbers of surviving tillers per plant. Counting the number of surviving plants within a given area may be less biased than manually estimating of ground cover but, it may not be an accurate variable to assess perennial ryegrass persistence of a sward or breeding plots. The relationship between plot level ground cover estimates and dry matter production was moderate due to plant height variation among individual plants within each cultivar. This resulted contrasting dry matter production in the plants with the similar size of canopy cover. Therefore, in relation to persistence assessment, sensor-based ground cover may not an accurate approach to estimate perennial ryegrass dry matter production. In a sward, perennial ryegrass propagates by producing more tillers using a short underground rhizome [37] . Perennial ryegrass plants in breeding programs may also produce seeds which may germinate and grow within the breeding plots. The in-depth visual examination of the base of seedling plants may differentiate unsown plants in breeding plots, but proximal RGB or UAV-based multispectral sensors may not have adequate sensitivity to identify these plants as both sown and unsown plants show a similar spectral signature in the visible and NIR regions.
Optical sensors are more suitable for pasture monitoring compared to other sensors as they have a higher sensitivity to identify plant canopy characteristics. For instance, light detection and ranging (LiDAR) imaging can be scattered on the surface of small objects like pasture leaves which are prone to create false images. The biggest challenge to the use of optical imagery is atmospheric noise [24] . The initial development of optical sensing techniques for pasture monitoring was based on a 35 mm RGB camera which required a long tripod or a hydraulic boom for image acquisition that was more disruptive than current RGB sensor-based methods [11] . Previous optical sensing techniques for pasture were useful for estimating presence, absence, or approximate estimation of biomass, but these techniques did not have the ability to distinguish different vegetation types or accurately estimate biomass [38] . With increased resolution of optical sensors, several authors have applied manual, proximal image-based techniques to estimate plant ground cover at plot scale [39] , and direct visual estimation has been used as a reference method to calibrate the sensor-based techniques because visual ground cover estimation is the simplest and quickest method with no required special equipment or training. The most common image-based ground cover estimation in pasture studies relies on proximal three-band RGB imagery [10] and application of these techniques for low accessibility areas and large-scale breeding trials may not be appropriate [11, 12] . By flying UAVs over the area of interest more frequently at lower altitudes, offers an alternate remote sensing tool at low-cost to assess persistence of perennial ryegrass, therefore UAV-based techniques are likely to be more useful than the other imaging platforms in terms of precision and efficiency.
Many studies have found that vegetation indices are accurate for estimation of grassland ground cover and other grass traits in arid and semi-arid areas but, these indices have a limited value for ground cover estimation of plots/swards in temperate pastures. The major limitation of using vegetation indices for ground cover estimation is that red and NIR portion of the electromagnetic spectrum approach a saturation level after a certain biomass density or ground cover [19] . In addition, these indices are sensitive to soil background effect and atmospheric induced variation when fractional ground cover is low. Due to these limitations, the strength of correlation between five indices (NDVI, SAVI, RVI, NDGI and VIN) and manual ground-based observation is moderate, compared to a correlation between sensor-based ground cover and manual ground-based observation.
Changing the distance between ground surface and low altitude airborne sensor directly impacted on consistencey of ground sampling distance (GSD) which leads to the acquisition of poor quality image data [40] therefore, the geometrical complexity of breeding trials may create a great challenge for breeders to use this technique for accurate ground cover estimation. However, application of terrain correction into the flight path to change camera angle and flying height can reduce spatial variation of GSD, this allows to use this technique for acurate ground cover estimation in uneven terrain and hillsides. Proximal sensing platforms acquire images near to ground level and these have a relatively low field of view. Therefore, topographical changes have a minimal impact on proximal sensor-based data acquiscition. Thus, RGB sensor-based technique can be implemented for breeding trial in uneven and complex geographical area.
Data acquisition from passive sensors depends on direct or indirect solar radiation, therefore, data acquisition for relatively large area will be affected by differing image spectral signatures caused by changing light conditions, scattering processes in the atmosphere, the surrounding environment and adjacent objects. The image sensors record the intensity of the electromagnetic radiation of each pixel as a digital number which includes reflected radiation from the target object, and radiation scattered and emitted by the atmosphere. Corrections for the atmospheric and illumination conditions must be applied to obtain the actual surface reflectance value of the target objective. In this study we used AIRINOV calibration targets before multispectral image acquisition and GCPs points, and the radiometric calibration were used manually in the orthomosaic software to convert the digital Agronomy 2019, 9, 501 9 of 11 numbers to actual reflectance values to keep the ground level accuracy below 2 cm to estimate the ground cover at individual plant level.
Conclusions
Sensor-based methods and manual ground-based techniques showed similar trends in perennial ryegrass persistence estimates (Figure 4) . The proximal RGB imaging and pixel-based supervised image analysis offer a low-cost technique to assess perennial ryegrass persistence but is only applicable to small-scale breeding programs. The use of high-resolution multispectral sensors with low-cost UAVs and object-based image analysis software offer more powerful analysis, which provides a more accurate perennial ryegrass persistence estimation in large scale. The monitoring of ground cover with regular images may provide a dynamic assessment of persistence of perennial ryegrass and further development may allow us to use this technique for ground cover estimation of other pasture species and agricultural crops. 
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